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We have demonstrated that the strong and far-field focusing of a point source and a plane wave in a
two-dimensional photonic-crystal-based concave lens by the use of the standard finite-difference time-domain
simulations. The effect of the distance between the point source and the lens on the focusing is discussed. The
far-field focus of a plane wave is shown. In addition, a plane wave is formed with placing the source at the
focus point. According to the calculation, the strong and good quality far-field focusing of the transmitted
wave, explicitly following the well-known wave beam negative refraction law, can be realized. Moreover, the
spatial frequencies information of the Bloch mode in multiple Brillouin zones is investigated in order to

indicate the wave propagation in two different regions.
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I. INTRODUCTION

The existence and impact of left-handed materials (LHM)
was pointed out by Veselago [1]. Years later, some theoretical
and experimental groups investigated the LHM for investi-
gating a number of unusual electromagnetic effects [2—17].
The phase velocity of the light wave propagating inside this
medium is pointed in the opposite direction of the energy
flow. Thus, the Poynting vector and wave vector are antipar-
allel. Consequently, the light is refracted negatively. Parimi
et al. have demonstrated the imaging by a planar photonic
crystal (PC) flat lens by using negative refraction [7]. The
results have shown that such a lens can focus a point source
on one side of the lens into a real point image on the other
side. The focusing effect is observed for frequency ranges at
which the wave vector of the incident waves and the group
velocity of the transmitted waves fall into the opposite sides
of the interface normal by analyzing the equifrequency-
surface contours (EFCs) of the band structures [11,12]. As a
result, for such frequency ranges the PC behaves as if the
index of refraction is negative. In particular, Luo ef al. have
demonstrated a frequency range in which one can obtain a
single negative-refractive beam for all incident angles in the
lowest photonic band close to the band edge [8]. The nega-
tive refraction in the lowest band close to the band edge may
be more desirable in obtaining high-resolution transmission
and single-mode behavior. However, such a so-called focus-
ing effect has only been found in the near-field region. The
near-field focusing operates only when the source is close to
the lens [7-10,20]. For a majority of applications of lenses
far-field focusing is required.

In recent work, research shows [17] that good-quality
non-near-field images and focusing have been observed in
the two-dimensional coated PC with triangular lattice for the
electromagnetic waves or by adding an additional component
to the existing photonic crystal. In addition, the far-field fo-
cusing of acoustic waves has also been shown in two-
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dimensional sonic crystals consisting of hexagonal arrays of
steel cylinders in air [18]. In further research, negative re-
fraction allows the focusing of a far-field radiation by con-
cave rather than convex surfaces [19,22] with the advantage
of reduced aberration for the same radius of curvature and
changes many commonly accepted aspects of conventional
optical systems. One prominent example towards far-field
focusing has been experimentally realized in a planoconcave
lens by Vodo and Parimi er al. [22]. In addition, the focusing
using a planoconcave lens made of a left-handed metamate-
rial with interleaving arrays of wire strips and split ring reso-
nators has also been demonstrated experimentally by Paraz-
zoli et al. [21]. The possible applications of such a
phenomenon to photonic devices are anticipated.

In this paper, we propose a two-dimensional (2D)
photonic-crystal-based concave lens to realize the strong and
far-field focusing effect. The waves emerge from the back-
ground material, propagating through a section of a PC de-
signed for negative refraction at the considered frequency
range, and exiting to the background material. The effect of
the distance between the point source and the lens on the
focusing is discussed. The focusing of a plane wave is suc-
cessfully observed. According to the calculation, the far-field
focusing of a plane wave is obtained. In addition, a plane
wave is formed for the source placed at the focus point.
Moreover, the spatial frequencies information of the Bloch
mode is investigated, describing the wave propagation in the
2D PC concave lens system.

II. FOCUSING PROPERTIES IN THE 2D
PHOTONIC-CRYSTAL-BASED CONCAVE LENS

The system we examine is the 2D photonic-crystal-based
concave lens consisting of a square lattice of circular air
holes (with lattice constant @ and hole radius r=0.35a) in
dielectric background with £=12.0 as shown in Fig. 1(a).
The optical principal axis of the lens is normal along the I'M
direction with the length AB=16.94, and the curvature of the
lens is 0.7092. Here the point A (B) is located at the left
(right) surface along the optical principal axis. Only TE
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FIG. 1. (Color online) (a) The photonic-crystal-based concave
lens; (b) band structure of the PC calculated with the plane wave
expansion method; (c) the EFCs of the first band for the TE polar-
ization mode. Frequency values are in units of 27c/a.

modes (magnetic field parallel to the axis of the holes) are
considered.

To visualize and analyze the negative refractive effect and
the far-field focusing, by using a plane-wave expansion
method [8,23], we have calculated the photonic band struc-
ture in Fig. 1(b) and the EFCs in Fig. 1(c) for the TE mode in

k space whose gradient vectors give the group velocities of
the photonic modes. In Fig. 1(c), the EFCs for five relevant
frequencies are demonstrated, respectively. Note that
throughout this paper the frequency is always in a units of
2c/a. The 0.05 and 0.115 contours are very close to a per-
fect circle, and therefore the group velocity at any point of
the contour is collimated with the k vector and kdw/dk =0,
indicating that the crystal behaves like an effective homoge-
neous medium with a positive effective index for two long
wavelengths. The contour with frequency 0.16 is a bit distor-

tion from a circle, with the distance |k| along the I'M direc-
tion slightly shorter than along the I'X direction, indicating
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FIG. 2. (Color online) A point source placed at x=—8.84a is
incident to the photonic-crystal-based concave lens, and a snapshot
of the wave propagation is at the frequency 0.195.
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that the crystal behaves like a positive effective index me-
dium. In most parts of the 0.195 contour, the curve is quite
flat in the middle of this contour and has the surface normal
pointing to the I'M direction. In small parts of the 0.195
contour near the Brillouin Zone (BZ) edges, the surface is
convex with respect to the M point. For the 0.195 contour,
the group velocity of the excited Bloch wave mode near the
BZ edges is pointed towards the M point, corresponding to
an apparent negative refraction direction. And the group ve-
locity centered around the I'M direction in most parts of the
0.195 contour would point dominantly along the I'M direc-
tion.

III. FOCUSING PROPERTIES OF A POINT SOURCE

The finite difference time domain (FDTD) approach has
been used to calculate the propagation of an electromagnetic
(EM) wave emitted from a monochromatic TE-polarized
point source with the frequency 0.195. The geometry of the
photonic-crystal-based concave lens is displayed in Fig. 2.
The center of the concave lens along the optical principal
axis is always set to x=0, and the concave lens is symmetric
with respect to y=0. A typical intensity distribution (|H_|?)
is also shown in Fig. 2. The point source is placed at x
=-8.84a and y=0, very close to the surface of the concave
lens. First, the beam rapidly focuses at its entry region inside
the PC. Then, the beam spreads inside the PC, and focuses
again after it exits to the background material region. A clear
signature of the negative refraction effect for those large
angle wave components near the right region is shown in
Fig. 2 [9]. One can also find that the focused beam is dis-
torted due to the nonideal circular shape of EFS in the pho-
tonic crystal structure. So an incoming wave with the fre-
quency 0.195 can propagate into this crystal along or close to
the I'M direction [24].

Assuming that the propagating power is mainly coupled
to the zero-order diffracted wave, we can apply Snell’s law
[n(w,k))sin 6,=n, sin 6], where 6, is the angle of incidence
in the background material, and 6, is the angle of refraction
inside the PC. The n(w,k;) is the refractive index along the
propagation direction k; and N, is the refractive index of the
background material. The advantage of refraction of the first
band close to the band edge is the single-beam propagation
and high transmission efficiency because the curve is quite
flat in most parts of the 0.195 contour with the surface nor-
mal pointing to the I'M direction. So we avoid suffering
from Bragg reflections that take place inside the photonic
crystal. The result has indicated that a well-defined single-
beam propagation is negatively refracted rather than multiple
Bragg waves propagating in different directions of the PC.
These can help us to design lenses and realize the focusing of
the wave.

By changing the distance between the source and the con-
cave lens, we intend to know what happens to the focusing
effect. A schematic picture of the structure is shown in Fig.
3(a). The intensity distributions for a point source with three
different positions x=-75a, x=—65a, and x=-22a are dis-
played in Figs. 3(b)-3(d), respectively. For the sources in the
far-field domain of Figs. 3(b) and 3(c), the beam transmits
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FIG. 3. (Color online) (a) The schematic picture of the structure.
A snapshot of the wave propagation is at the frequency 0.195 with
a point source at different positions: (b) x=-=75a, (c¢) x=-65a, and
(d) x=-22a, respectively.

into the left surface in accordance with Snell’s law and the
wave transmitting inside the concave lens is propagating
along or close to the I'M direction. In the right surface re-
gion, we can clearly see that light intensity is in good agree-
ment with the wave beam negative refraction law. As shown
in Fig. 3(c), a plane wave is formed near the right surface.
For the source near the left surface of PC in Fig. 3(d), the
beam rapidly focuses at its entry region inside the PC, and
then spreads after it exits to the background material section.
The shape of the above three intensity distributions, showing
how the EM wave transmits through the PC, is different from
each other due to the different positions of the sources. An
incoming wave can propagate into this crystal along or close
to the I'M [(11)] direction. This result is also consistent with
the EFCs analysis in Fig. 1(c).

To analyze in more detail the focusing behavior for the
point source, the transversal (y direction) light intensity is
shown in Fig. 4 for seven positions x/a=-8.45, —4.23, 0,
4.23, 8.45, 16, and 213 corresponding to the point source
placed at three different positions (a) x=—75a, (b) x=—65a,
and (c) x=—22a, respectively. For the source placed in the
far-field domain in Figs. 4(a) and 4(b), one can see that the
light intensity shows the focusing behaviors clearly. In the
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FIG. 4. Intensity distributions along the transverse (y) direction
at seven positions correspond to the point source placed at three
different positions: (a) x=-75a, (b) x=—65a, and (c) x=-22a,
respectively.
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FIG. 5. (Color online) (a) The intensity distribution and (b) the
surface of the field distribution for a plane wave incident to the PC
interface. A high quality far-field focus is formed out of the concave
lens. (c) Intensity distributions along the transverse direction at five
positions.

region near the surface, the focusing behaviors occur mainly
due to the negative refractive effect. The transmission of the
waves inside the concave lens is along or close to the I'M
[(11)] direction. For the source placed very close to the in-
terface of PC, as shown in Fig. 4(c), the light intensity is
mainly focused along the I'M direction inside the PC, and
then spreads after the beam exits to the background material
section.

IV. FOCUSING PROPERTIES OF A PLANE WAVE

For the photonic-crystal-based thin lab lens, only the near-
field focusing is easily observed. In the photonic-crystal-
based concave lens, we can find that the far-field focusing is
formed. We perform a simulation for the incident plane wave
at frequency w=0.195(27¢/a). A typical result of the inten-
sity distribution is shown in Fig. 5(a) and the strong focusing
of the waves is successfully observed. The surface of the
field distribution for a plane wave incident to the PC surface
is also shown in Fig. 5(b). One can find easily that a far-field
focusing of the plane wave is formed out of the PC concave
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FIG. 6. (Color online) A line source at the focal point incident to
the PC interface with frequency 0.195 and a width 4.5a. A well-
shaped plane wave is obtained.

lens, and the focusing keeps on in a steady state. The focal
point is centered at x=65a and y=0, that is, the focal length
is 65a and it is very far from the right interface of the con-
cave lens. The strong focal point has a width maximum of
4.5a. The intensity of the focusing is three times stronger
than that of the incident plane wave. The results confirm that
far-field focusing is realizable and opens the door for the
applications of the LHM in the far-field region.

Next, in order to discuss in more detail the focusing effect
of the plane wave source, the transversal (y direction) light
intensities at five positions x/a=-8.45, —4.23, 0, 4.23, 8.45
are shown in the Fig. 5(c), respectively. It is found that the
intensity distribution in the x/a=-8.45 and x/a=8.45 is
symmetric with respect to x=0. The intensity distribution
along y shows how the EM wave transmits through the PC
concave lens. In the left and right surface regions, we can
clearly see that light intensity is in good agreement with the
wave beam negative refraction law. The wave with the fre-
quency 0.195 propagating inside the PC concave lens is
along the I'M direction. The focusing behavior is in com-
plete agreement with the analysis on the EFCs analysis.

When a point source is placed at the focal point and inci-
dent to the PC interface with frequency 0.195, a well-shaped
plane wave is obtained, as shown in Fig. 3(c). Furthermore,
as shown in Fig. 6, we have placed a line source instead of a
point source with the full width 4.5a at the focus point x=
—65a and y=0. Then, a plane wave is well formed out of the
PC concave lens. In a recent paper [22], Vodo and Parimi et
al. have studied the focusing behavior by a planoconcave
lens. In comparison with their results, some similar focusing
effects are shown, such as the far-field focusing of a plane
wave and a plane wave being produced from a source [22].

Furthermore, at a given frequency 0.195 inside the PC
concave lens, the propagation behaviors can be explained by
means of the spatial Fourier spectrum. As shown in Fig. 7,
for one particular y, a spatial Fourier transform of the field
data presented in Fig. 5(a) along the x direction, around the
focus region, and inside the PC concave lens region, yields
the spectrum F(k,) of the spatial frequency k, [9,25]. Spatial
frequency kx are in units of 277/(v2a). To improve signal-to-
noise ratio, the spectra F(k,) are summed for all y. We can
find that the Bloch mode, which consists of more than one
spatial frequency, is visualized in the Fig. 7. These spatial
frequencies are separated by an integral number of 7/ (\Ea)
along the I'M direction for the square lattice, as seen in Fig.
7 for the first five zones. At frequency 0.195, the intensity of
the Bloch harmonics for the same Bloch mode inside the PC
region with k,=0.705 and 1.295 can be given as peaks (dot-
ted line) in Fig. 7. One can find that the amplitudes of Bloch
harmonics separated by 7/(\2a) are different. The exact
physical interpretation behind this observation has been
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FIG. 7. Spatial Fourier spectrum F(kx) versus spatial frequency
kx for frequency 0.195 is summed around the focus region (solid
line) and inside the PC concave lens region (dotted line) corre-
sponding to the field data presented in Fig. 5(a).

shown in Ref. [25]. As shown in Fig. 7, near the focus re-
gion, only the Bloch mode k,=k,=0.195\12 (k, is the wave
number at the frequency 0.195 in the dielectric background)
with frequency 0.195 contributes to the propagation of the
EM wave. Therefore, when the waves leave the PC concave
lens, the focusing of the waves is formed [24].

V. CONCLUSION

We have realized the strong and far-field focusing of a
point source and a plane wave by a 2D photonic-crystal-
based concave lens with the standard finite-difference time-
domain technique. The far-field focus of a plane wave is
obtained out of the concave lens, while a plane wave is also
formed for the source placed at the focus point. In compari-
son with the results of Vodo and Parimi, some similar focus-
ing effects are shown, such as the far-field focusing of a
plane wave and a plane wave being produced from a source
[22]. In addition, in our 2D photonic-crystal-based concave
lens, the strong and far-field focusing of a point source has
also been found. The effect of the distance between the point
source and the lens on the focusing is shown. Moreover, the
spatial frequencies information of the Bloch mode in mul-
tiple Brillouin zones is investigated, demonstrating the wave
propagation in the 2D PC concave lens system. Focusing is
expected to be a significant step towards novel imaging op-
tics and can lead to considerable changes in optical system
design [26]. Tt could also make possible three-dimensional
photography and novel coupling functionality in integrated
optics components.
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